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Abstract 

Purpose This article evaluates the parameters that influence 
the results of a life cycle assessment (LCA) of biogas produc¬ 
tion from maize and the conversion of biogas into electricity. 
The environmental impacts of biogas vary according to re¬ 
gional farming procedures and, therefore, the soil, climate 
conditions, crop yield, and cultivation management. This 
study focuses on these regional parameters and the existing 
infrastructure, including the number of installed biogas plants 
and their share of used heat. 

Materials and methods To assess the regional impact, the 
LCAs of maize cultivation, on the one hand, and the produc¬ 
tion and use of biogas, on the other, were performed for three 
different areas. These areas were the administrative districts of 
Celle, Hildesheim, and Goettingen; all located in the south of 
Lower Saxony, Germany. The areas differed in geographic 
location conditions, crop yield, and the number of installed 
biogas plants. The necessary data for modeling the cultivation 
of maize were derived from the specific regional and local 
parameters of each area. The most important parameters were 
the soil characteristics and the climate conditions for cultivat¬ 
ing maize. The share of used heat from combined heat and 
power unit (CHP) was another relevant factor for biogas 
production and use. 

Results Our results demonstrate significant differences among 
the investigated areas. The smallest environmental impact of all 
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the considered categories occurs in Goettingen and the largest 
in Celle. The net greenhouse gas emissions vary from 0.179 kg 
C0 2 eq./'kWh c | in Celle to 0.058 kg C0 2 eq./kWh el in Goettin¬ 
gen. This result is due to the maize cultivation system and the 
different credits for using heat from the CHP. Variances in 
energy crop cultivation result from different nitrogen and irri¬ 
gation demands. In addition, despite higher applications of 
nitrogen fertilizer and irrigation, the maize yield is lower in 
Celle. The impact category of total fossil energy shows similar 
results to that of the greenhouse gas (GHG) emissions. The 
results range from -0.274 to 0.175 kWh/kWh el . The results of 
acidification and eutrophication vary from 1.62 in Goettingen 
to 1.94 g S0 2 eq./kWh e | in Celle and respectively 0.330 to 
0.397 g PO4 3 eq./kWh el . These differences are primarily 
caused by maize cultivation, especially irrigation. 

Conclusions and perspectives Cultivating maize and using 
waste heat from the CHP were identified as the most influen¬ 
tial parameters for the GHG emissions and total fossil energy 
demand. Regarding acidification and eutrophication, the most 
relevant factors are the application of digester output and the 
emissions from the CHP. Our results show the need to con¬ 
sider regional parameters in the LCA of bioenergies, particu¬ 
larly biogas production and use, especially if the LCA studies 
are used for generalized evaluations such as statements on the 
climate protection potential of biogas. 

Keywords Bioenergy • Biogas plant • Cultivation concept • 
Energy crops ■ LCA • Regional parameters 


1 Introduction 

The importance of the production and use of biomass to gen¬ 
erate power, heat, and fuels is increasing on a global scale. 
International and national policies, such as the European Bio¬ 
mass Action Plan, support the expansion of bioenergy because 
bioenergies are considered to be climate friendly compared to 
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their fossil alternatives. In addition, bioenergies supposedly 
reduce the high dependency on imports of fossil fuels of many 
European Union countries (Commission of the European Com¬ 
munities 2005). However, the production and use of bioener¬ 
gies are connected to the release of greenhouse gases and other 
environmental impacts, such as acidification and eutrophica¬ 
tion. Therefore, the environmental and climate benefits of bio¬ 
energies must be verified according to life cycle assessment 
(LCA) methods (ISO 14040 2006; ISO 14044 2006). 

Since the beginning of the 1990s, several studies have 
analyzed the environmental performance of different bioener¬ 
gies compared to fossil fuels. For instance, relevant studies 
have evaluated biogas production and the conversion of biogas 
into electricity (Wuppertal Institute 2005; Hartmann 2006; 
Bachmaier and Gronauer 2008; IFEU 2008a; Juri et al. 
2009). These studies have shown a wide range of results. 
The greenhouse gas (GHG) emissions of electricity generation 
from biogas vary from -0.143 to 0.160 kg CO 2 eq./kWh el 
(Bachmaier and Gronauer 2008). 

This range derives from different parameters. The ISO 
14040/44 framework standardizes the method; yet, it offers 
several options for performing LCAs. One option is to consider 
different allocation processes regarding by-products. Recently, 
this process has been intensely discussed, especially for bioen¬ 
ergy; for instance, the studies of Luo et al. (2009) and Majer and 
Schroder (2009) demonstrated a wide range of GHG emissions. 
Therefore, the allocation of by-products was clearly defined 
within a sustainable directive for bioenergies for the first time. 
The allocation processes of by-products had to be based on 
their calorific value (Majer and Schroder 2009). 

In addition to the allocation processes, regional parame¬ 
ters and local factors might influence the results of bioen¬ 
ergy LCAs. For example, Kim and Dale (2009) showed 
regional variations in GHG emissions from corn-based eth¬ 
anol and soybean oil production in 40 different counties in 
USA. The investigations were based on the evaluations of 
survey results. Cultivating energy crops with the resulting 
nitrous oxide emissions from the soil and N fertilizers are 
identified as the highest GHG emission sources, with a share 
of 13-57 % of all GHG emissions (Kim and Dale 2009). 

Our investigation is not based on survey results but on 
regional parameters, such as soil and climate, and on existing 
infrastructure, including the number of installed biogas plants. 
The main goal of this paper was to identify and discuss the 
influences of regional parameters and local factors on the 
results of LCAs of biogas production from maize and the 
use of biogas for power generation. 

2 Materials and methods 

This study follows the ISO 14040/44 2006 standards for 
generating LCAs. Furthermore, the study was based on data 


collected in the joint research project “Regional manage¬ 
ment of climate impacts in the metropolitan region of 
Hannover-Braunschweig-Goettingen (KFM),” which was 
funded by the German Federal Ministry of Education and 
Research. 

2.1 Investigated crops and bioenergy process 

The influences of regional parameters and local factors on 
the results of LCAs were identified and discussed based on 
the example of cultivation silage maize for biogas produc¬ 
tion and the use of biogas for power generation. This section 
describes the reasons for choosing maize as an investigated 
energy crop and biogas as a bioenergy process. Maize is an 
important energy crop on a global scale. However, in the 
cultivation and energetic use of maize, grain maize must be 
distinguished from silage maize. In silage maize, the whole 
plant is harvested and used, while in grain maize, only the 
corncob is used. Grain maize is used in the food sector or for 
the production of bioethanol, but the cultivation of grain 
maize is less widespread in Europe, particularly in Germany, 
than in the USA, China, Brazil, or Mexico (FAO 2009). In 
Europe, silage maize is mainly cultivated and used as animal 
feed, but silage maize is also used for biogas production, 
especially in Germany. In 2010, Germany produced more 
than 75 million tons of silage maize, with a cultivated area 
of 1.85 million ha, which represented 30 % of the total 
cultivation area of silage maize in the EU 27 (DMK 2011). 
Furthermore, more than one third of the produced silage 
maize was used for biogas production in Germany. Silage 
maize for biogas production is therefore the most important 
energy crop in Germany after rapeseed for rapeseed oil and 
biodiesel production. Rapeseed was cultivated in an area of 
approximately 900,000 ha in 2007 (FNR 2011). 

Regarding renewable energy production in Germany, bio¬ 
gas production and use had a share of 13 % of the overall 
renewable electricity and a share of 6.6 % of the overall 
renewable heat in 2010. Biofuels from biogas are negligible. 
Rapeseed oil and biodiesel represent only a minor contribu¬ 
tion (13%) to the production of renewable electricity and heat. 
Therefore, the production of biogas from silage maize is an 
essential source of renewable energy in Germany. Moreover, 
silage maize (hereafter called maize) is the most important 
energy crop because it constitutes 80 % of the substrates for 
biogas production in Germany (IFEU 2008b). 

2.2 Investigated regions 

The chosen research areas are the administrative districts of 
Celle, Hildesheim, and Goettingen; all located in the metro¬ 
politan region in the south of Lower Saxony, Germany. The 
regions differed in geographic location, soil conditions, crop 
yield, and the number of installed biogas plants. The soil in 
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Hildesheim and Goettingen is primarily composed of clay 
and silt. In Hildesheim, the soil has high fertility and natural 
yield factors, which result in an average soil quality of 63 
out of 100 possible points (German scale of soil quality). In 
Goettingen, an average soil quality of 50 represents a me¬ 
dian natural yield factor caused by the higher altitudes in the 
southwest of Lower Saxony. The district of Celle has pri¬ 
marily sandy soils and, therefore, a low natural yield factor 
with an average soil quality of 30 (LBEG 2010). These yield 
levels influence the types of cultivated crops. While cash 
crops such as winter wheat and winter barley, with high 
requirements of soil and water supply (Lewandowski and 
Bohmel 2009), were the dominating cultures with a share of 
50 % in Gottingen and Hildesheim, these crops did not play 
an important role in Celle, a district with low natural yield 
factors (LSKN 2007). 

The number of installed biogas plants and the land that is 
used for cultivating maize were not related to the high yield 
levels. With a share of 13 %, maize cultivation is an impor¬ 
tant sector of the agricultural land use in the district of Celle 
but has less importance in Goettingen and Hildesheim, 
where its shares are 2-5 % (LSKN 2007). 

The extension of maize cultivation is due to Germany’s 
renewable energy legislation (EEG 2009), which supports 
the production of electricity from biogas. Even on dry and 
poor soils, such as those found in the district of Celle, the 
cultivation of maize is economically feasible. Thus, Celle 
has 35 installed biogas plants, whereas Hildesheim and 
Goettingen have only 14 and 9, respectively. These biogas 
plants were mainly built in rural areas with a low heat 
demand, which led to an average use of the produced heat 
of only 30 % in Celle. In Goettingen and Hildesheim, the 
share of heat used was higher and reached approximately 
60 % in the district of Goettingen. These parameters were 
important for determining the life cycle inventory data, 
which were dependent on different regional and local con¬ 
ditions within the three investigated areas (Table 1). 

2.3 Goal and scope 

The goal of this study was to assess the impact of regional 
factors on the results of the LCAs of maize cultivation as 
well as on the production and use of biogas. Therefore, three 
LCAs were generated for the different areas of the KFM 
project (see Section 2.2.) considering their regional and 
local conditions. 

2.4 System boundaries 

The system boundaries of the three LCAs for Hildesheim, 
Celle, and Goettingen were cradle to grave. Thus, the burden 
of all input processes of the whole life cycle from raw material 
acquisition or the generation from natural resources was 


included. These inputs included maize cultivation, maize 
transportation to biogas plants, production and use of biogas, 
and recycling of digester output as fertilizer. The production of 
farm equipment (e.g., tractors), biogas plants, and infrastruc¬ 
ture (e.g., roads, trucks) were not included in the system 
boundaries. However, the life cycle assessment of industrial- 
scale biogas plants by Hartmann (2006) showed only a small 
contribution of approximately 4 % to the total impact. The life 
cycle inventory was based on the 2007-2010 period. 

2.5 Functional unit 

This study focused on two different aspects of the regional 
impact on the LCA results: agricultural processes (maize pro¬ 
duction) and bioenergy production (electricity produced from 
biogas). For these reasons, the LCA results were based on two 
different functional units. One functional unit was defined as 
1 kg fresh matter of maize. The other functional unit was 
defined as 1 kWh of electricity produced in a combined heat 
and power generation plant (CHP) using biogas. 

2.6 Sources of inventory data and software 

The necessary data for modeling the cultivation of energy 
crops such as maize depended on specific regional parameters 
and local factors. The most important parameters were the soil 
and climate conditions. As a result, different fuel consumption 
levels for fieldwork (KTBL 2006), regional differences in 
irrigation demand (Fricke and Riedel 2010), and varying 
maize yields could be derived (LSKN 2007). 

The fuel consumption for cultivation based on the database 
of the Association for Technology and Structures in Agricul¬ 
ture (KTBL 2006) depended on district-level soil conditions. 
Therefore, Celle was defined as a district with light soil con¬ 
ditions, Gottingen as a district with middle soil conditions, and 
Hildesheim as a district with heavy soil conditions. The irriga¬ 
tion demand for maize cultivation in the district of Celle was 
obtained from field trials performed by the Chamber of Agri¬ 
culture of Lower Saxony. District-level maize yield data were 
available at the Centre for Statistics and Communications 
Technology of Lower Saxony (LSKN 2007). The amount of 
fertilizers to be applied was calculated based on the crop- 
specific guiding values of the Chamber of Agriculture of 
Lower Saxony. For maize, this guiding value was as high as 
180 kg N fertilizer/ha (LWK 2009). The district-level demand 
for nitrogen was determined by the N lmin method, with specific 
N m i n values for each region. Consequently, the N reference 
value of maize was as high as 180 kg N/ha minus the specific 
Nmin-value (LWK 2010a, 2010b). Based on these nitrogen 
demands and the Intergovernmental Panel on Climate Change 
(IPCC) method (2006), nitrous oxide emissions were calculat¬ 
ed in the following manner: direct emissions with 1 %/kg N 
applied and indirect emissions with 0.37 %/kg N applied 
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Table 1 Soil quality, agriculture area and installed biogas plants including the share of used heat within the areas of Celle, Hildesheim, and 
Gottingen 


Investigated area 

Soil quality 3 

Agriculture area b (ha) 

Cultivating maize b (ha) 

Installed biogas plants 0 

Share of used heat° (%) 

Celle 

30 

49,432 

8,608 

35 

30 

Hildesheim 

63 

64,559 

3,301 

14 

40 

Gottingen 

50 

40,171 

1,672 

9 

60 


a LBEG 2010 
b LSKN 2007 
c KFM-project 


(as ammonia loss and leaching). In addition to ammonia emis¬ 
sions, methane emissions and nitrogen-related emissions 
caused by losses from applying digester output and leaching 
were calculated based on field trials performed by Hartmann 
(2006). These field trials referred to a soil that was mainly 
composed of clay and silt, such as the soil in the districts of 
Hildesheim and Goettingen. All data necessary for modeling 
the maize cultivation for each district, including the specific 
yield, are summarized in Table 2. 

The assumptions for calculating the production and use of 
biogas in a combined heat and power plant were the same for 
each district, with the exception of the share of used heat. 
These values were calculated according to the differences 
shown in Section 2.4 and Table 1. Likewise, Table 3 summa¬ 
rizes all of the data necessary for modeling the production and 
use of biogas for each district. 

Maize transportation from the field to the biogas plants was 
taken into account as 20 km on average for each district 
following the economic value. This distance might need to 
be checked in further studies concerning its regional aspect. In 
districts with a higher number of installed biogas plants, such 
as the Celle district, it might be possible to achieve longer 
transport distances than those in the Gottingen or Hildesheim 
regions because of competition. The storage and silage of 


maize were calculated with a loss of 12 % of weight according 
to KTBL (2006). Maize properties for biogas production based 
on KTBL (2009) were defined as 33 % dry matter, 95 % 
organic matter, 650 l N /kg organic matter biogas yield, and 
52 % methane content. The energy efforts (electricity and 
process heat) of biogas production were assumed according 
to the surveys of the KFM project. An energy crop biogas plant 
requires 256 kWh process heat per m N 3 of produced biogas 
and, on average, 7 % of the produced electricity. 

Approximately 1 % of methane was released as diffuse 
emissions from the fermenters during the fermentation process. 
This value is based on an estimation of IFEU (2008a) and is 
currently reviewed in a study by Liebetrau et al. (2011). Within 
the study at hand, there are no regional data on the storage of 
digester output, and as a result, the storage of digester output 
was assumed to be gas-tight. This assumption was based on the 
guidelines of the EEG (2009) (German Renewable Energy 
Sources Act): all new biogas plants need covered storages for 
digester output. In the case of older biogas plants (put into 
operation between 2004 and 2009), covered storage is not 
obligatory, and the release of methane emissions would be 
much higher (IFEU 2008a; Liebetrau et al. 2011). This fact 
will be investigated according to the regional differences in 
further studies. 


Table 2 Yield, agronomic inputs (fertilizers, herbicides, irrigation, and fuel consumption) and direct and indirect nitrous oxide emissions from soil 
in maize cultivation 


Parameter 

Unit 

Hildesheim 

Gottingen 

Celle 

Reference 

Yield 

dt/ha FM 

468.8 

437.5 

398.1 

LSKN 2007, KFM project 

Digester output 

m 3 /ha FM 

20 

20 

20 


Nitrogen fertilizer 

kg N/ha 

83 

68 

77 

LWK 2010a, 2010b 

Phosphorus (P 2 O 5 ) fertilizer 

kg P 2 0 5 /ha 

55 

51 

51 

LWK 2010c 

Potassium (K 2 0) fertilizer 

kg K 2 0/ha 

82 

73 

73 

LWK 2010c 

Magnesium (MgO) fertilizer 

kg MgO/ha 

32 

32 

32 

LWK 2010c 

Herbicides 

kg/ha 

1.5 

1.5 

1.5 

TLL 2007 

Fuel 

1 /ha 

82.9 

69.9 

66.4 

KTBL 2006 

Irrigation 

mm/m 2 

- 

- 

610 

KFM project 

Direct nitrous oxide emissions 

%/kg N 

1 

1 

1 

1PCC 2006 

Indirect nitrous oxide emissions 

%/kg N 

0.37 

0.37 

0.37 

IPCC 2006 
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Table 3 Transport distance, fennentation values (maize properties, biogas yield, methane content, methane losses, heat, and power requirement) 
and characteristics of CHP (electrical power, electrical efficiency, thennal efficiency, and methane losses) 


Parameter 

Unit 

Hildesheim 

GSttingen 

Celle 

Reference 

Transport distance 

km 

20 

20 

20 


Transport and silage losses 

% by weight 

12 

12 

12 

KTBL 2006 

Maize properties 

Dry matter 

%/kg fresh matter 

33 

33 

33 

KTBL 2009 

Organic matter 

%/kg dry matter 

96 

96 

96 

KTBL 2009 

Biogas yield 

l N /kg organic matter 

650 

650 

650 

KTBL 2009 

Methane content 

%/m N 3 biogas 

52 

52 

52 

KTBL 2009 

Methane losses from fermenter 

%/m N 3 methane 

1 

1 

1 

IFEU 2008a 

Power requirement 

%/kWh generated power 

7 

7 

7 

KFM project 

Heat requirement 

kWh/m N 3 biogas 

0.256 

0.256 

0.256 

KFM project 

Characteristics of CHP 

Electrical power 

kWh 

255 

255 

255 

KFM project 

Electrical efficiency 

% 

40 

40 

40 

ASUE 2011 

Thennal efficiency 

% 

48 

48 

48 

ASUE 2011 

Methane losses CHP 

%/mN 3 methane 

0.5 

0.5 

0.5 

IFEU 2008a 


Biogas was used in two CHP gas engines to produce 
electricity and heat. Each CHP unit had an installed capacity 
of255 kW, an electrical efficiency of approximately 40 %, and 
a thennal efficiency of approximately 48 %. In this context, 
the methane loss from the CHP was calculated as 0.5 % during 
combustion (1FEU 2008a). However, flue gas was treated in 
an oxidizing catalytic converter, which reduced the absolute 
NMVOC emissions by 70 %, CO emissions by 75 %, and 
methane emissions by 50 % (GEM1S 2010). 

Further data needed for the life cycle inventory, especially 
for upstream processes such as power generation, were 
obtained from the databases of the ecobalancing software 
GaBi (PE International 2010) and GEM1S (GEM1S 2010). 
The modeling and calculation of the LCAs were also per¬ 
formed using the ecobalancing software GaBi 4.4. 

2.7 Allocation processes 

By-products were considered for the expansion of the system 
boundaries and credits for substitute processes. The system 
expansion was used to describe the environmental benefit of 
using biogas sludge as a by-product of the biogas process and 
the heat from the CHP unit. Therefore, the environmental 
burden associated with the production of the same quantity 
of mineral fertilizer (NPK), which could be substituted by 
digester output, was subtracted from the total burden of the 
whole biogas life cycle. However, emissions from the utiliza¬ 
tion of digester output had to be considered. The quantity of 
mineral fertilizers substituted was defined considering the 
amount of digester output and its nutrient content. The amount 
of digester output results from fresh matter input and its 
degradation rate. For silage maize, the degradation rate is 


24 % of fresh matter. The nutrient contents were determined 
within the KFM project and are listed in Table 4. 

Heat, as a by-product of the CHP unit, was considered in 
the same way; the environmental impact of generating heat 
from oil and natural gas were credited to the system. The 
credit for heat was calculated based on the surplus heat and 
the share of used heat. The shares of used heat were assessed 
within the KFM project and ranged from 30 to 60 % as annual 
averages. The value of 60 % for the district of Goettingen is an 
especially high annual average and is not usual. However, in 
Goettingen, most of the biogas plants are either a part of a 
bioenergy village with almost 50-60 % heat use as the annual 
average or used for production of thennal process energy with 
almost 100 % heat use as the annual average. The significance 
of the assessed shares of heat use is discussed in Section 4. 

The reference processes used for heat and fertilizer credits, 
including all necessary parameters, are shown in Table 4. A 
sensitivity analysis of this allocation procedure was included 
for the CHP units as a comparison of allocation based on 
exergy. 

2.8 Life cycle impact assessment 

Experts and politicians attribute the reduction of greenhouse 
gas emissions and saving of fossil energy demand as important 
criteria in the context of the assessment of biogas. Nutrient 
discharges and acidification are also important environmental 
effects of biogas production, especially the application of bio¬ 
gas sludge. This study focused on these important impact 
categories: global warming potential (GWP), acidification po¬ 
tential, eutrophication potential, and total fossil energy demand. 
Other impact categories, such as ozone depletion or toxicity, 
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Table 4 Reference processes for allocation (credit for digester output and credit for heat use front CHP) 


Reference process 

Parameter 

Unit 

Quantity 

Reference 

Credit for digester output (dig.-ouf) 

Degradation rate of maize 

m 3 dig.-out/kg maize 

0.76 

KTBL 2009 

Calcium ammonium nitrate (CAN) (27 %N) 

N content 

kg N/m 3 dig.-out 

5.2 

KFM project and KTBL 2009 

Triple superphosphate (TSP) (45 % P 2 0 5 ) 

P content 

kg P 2 0 5 /m 3 dig.-out 

2.2 

KFM project and KTBL 2009 

Potassium chloride (KC1) (60 % K 2 0) 

K content 

kg K 2 0/m 3 dig.-out 

6.1 

KFM project and KTBL 2009 

Magnesium sulfate (16% MgO) 

Mg content 

kg MgO/m 3 dig.-out 

0.4 

KFM project and KTBL 2009 

Credit for heat use 

Heat output 

kWh th /kWh el 

1,2 



Surplus heat 

kWh lh /kWhei 

1,08 



Share of used heat 

% of surplus heat 

See Table 1 

KFM project 

German technology mix for production 
of thermal energy from natural gas 

Share of gas-fired heating 

%/% share of used heat 

40 

Assumption within 
the KFM project 

German technology mix for production 
of thermal energy from fuel oil 

Share of oil-fired heating 

%/% share of used heat 

60 

Assumption within 
the KFM project 


have not been taken into account in this study. The climate 
change was calculated for a 100-year time frame based on 
GHG emissions indicated as C0 2 equivalents (eq.) and de¬ 
fined by the 1PCC (2007). Acidification and eutrophication by 
gaseous emissions are measured in S0 2 eq. and P0 4 3 eq., 
respectively. These factors were calculated based on the char¬ 
acterization factors of the Institute of Environmental Science 
of Leiden University (CML; Guinee et al. 2002). The total 
fossil energy demand was calculated by multiplying the total 
amount of each fossil fuel needed with its calorific value 
(primary energy content) plus the total nuclear energy demand 
of nuclear power generation (VD1 4600 1997). Therefore, in 


this study, all results of the total fossil energy demand include 
the nuclear energy demand, as well, to simplify matters. 

3 Results 

3.1 Impact assessment of energy maize cultivation 

The results from the impact assessment for cultivating maize 
are summarized in Table 5 and demonstrate a range in the 
results among the investigated areas. The greatest environmen¬ 
tal impact of all the considered categories occurs in Celle. 


Table 5 Results from the impact assessment of cultivating maize (greenhouse gas emissions, total fossil energy demand, acidification, and 
eutrophication) 



Total 

Nitrous oxide emissions 

Fertilizers and pesticides 

Applying digester output 

Irrigation 

Fieldwork 

Greenhouse gas emissions [kg C0 2 eq. t *] 





Gottingen RD 

45.4 

25.0 

15.1 

0.5 

0 

4.8 

Celle RD 

57.7 

28.9 

18.2 

0.5 

5.1 

5.0 

Hildesheim RD 

47.9 

25.5 

16.6 

0.5 

0 

5.3 

Total fossil energy demand [kWh t ’] 





Gottingen RD 

67.3 

0 

48.7 

0 

0 

18.6 

Celle RD 

95.8 

0 

56.8 

0 

19.6 

19.4 

Hildesheim RD 

72.0 

0 

51.4 

0 

0 

20.6 

Acidification [g S0 2 eq. t *] 






Gottingen RD 

268.8 

0 

29.0 

202 

0 

37.8 

Celle RD 

370.3 

0 

33.9 

222 

73.7 

40.7 

Hildesheim RD 

258.8 

0 

30.9 

188 

0 

39.9 

Eutrophication [g P0 4 3 eq. 

r 1 ] 





Gottingen RD 

77.4 

23.4 

9.8 

37.5 

0 

6.7 

Celle RD 

101 

27.1 

12.1 

41.2 

13.4 

7.2 

Hildesheim RD 

76.9 

23.8 

11.1 

35.0 

0 

7.0 
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The GHG emissions associated with cultivating maize 
range from 45.4 to 57.7 kg CO 2 eq./t of fresh maize. Direct 
and indirect nitrous emissions from the soil, with 50 to 56 % 
of the total GHG emissions, represent the most significant 
source for each district. The lowest levels of GHG emissions 
occur in the district of Goettingen because of this region’s 
lower demand for fertilizers, pesticides, and fuel for field¬ 
work. In the district of Celle, the cultivation of maize pro¬ 
duces the highest GHG emissions. The reasons for these 
higher emissions are a lower yield of maize, higher demand 
of fertilizers in conjunction with higher nitrous emissions 
from the soil, and required irrigation. The GHG emissions 
from irrigation in Celle reached 5 kg CO 2 eq./t of fresh 
maize (9 % of the total GHG emissions). Thus, irrigation 
in Celle results in as many emissions as the whole fieldwork 
of each district. 

The total fossil energy demand associated with maize 
production is 63.7 to 95.8 kWh/t of fresh maize. Similar to 
the results for the GHG emissions, the irrigation demand in 
the district of Celle and the higher fertilizer efforts during 
the cultivation of maize cause the observed regional varia¬ 
tions. Between 59 and 72 % of the total fossil energy 
demand is caused by the supply of fertilizers and pesticides. 
Fieldwork requires a total fossil energy demand between 20 
and 28 % in addition to the fossil energy demand for 
irrigation in the district of Celle (21 %). 

The acidification associated with the cultivation of maize 
ranges from 258.8 to 370.3 g S0 2 eq./t of fresh maize (see 
Table 5). The ammonia emissions resulting from the appli¬ 
cation of digester output are the primary acidification 
source, followed by nitrogen dioxide emissions from fuel 
combustion for the irrigation system (only in the district of 
Celle) and fieldwork. The regional differences in acidifica¬ 
tion are mostly caused by nitrogen oxide emissions from 
fuel combustion irrigation systems, followed by different 
nitrogen demands and, consequently, a different application 
level of digester output. 

The emissions from the eutrophication impact category 
range from 76.9 to 101 g PO 4 3 eq./t of fresh maize. These 
values are primarily caused by ammonia-nitrogen emissions 
from applying digester output, followed by nitrous oxide 
emissions from the soil. The regional variation in eutrophica¬ 
tion is caused by the same effects as those of acidification. 

3.2 Impact assessment of the production and use of biogas 

The results of the impact assessment of the production and 
use of biogas are shown in Figs. 1, 2, 3, and 4. These results 
demonstrate similar findings as those of the impact assess¬ 
ment of the cultivation of maize, i.e., differences among the 
investigated areas in all assessed impact categories. The 
smallest environmental impacts of the evaluated criteria 
occur in Goettingen, and the greatest impacts occur in Celle. 


The GHG gross emissions within the GWP impact cate¬ 
gory range from 0.248 (Goettingen) to 0.281 kg C0 2 eq./ 
kWh C | (Celle). This pattern is due exclusively to maize 
cultivation because the inventory assumes as a common 
basis of the same technical process and efficiency factors 
for producing biogas from maize and converting it into 
electricity. The variances in energy crop cultivation and their 
impact on the LCA are discussed in Section 3.1. The largest 
GHG emissions sources in all three areas derive from maize 
cultivation (48-54 %). More than 18 % of the GHG gross 
emissions are caused by the energy demand (heat and power) 
for biogas plant operations, followed by methane losses dur¬ 
ing the biogas process (16 to 18 %). Therefore, methane losses 
of 1 % represent an important contribution to the GHG bal¬ 
ance. The GHG emission credits for using heat from CHP and 
credits for using digester outputs as fertilizer are shown in the 
negative side of the x-axis in Fig. 1 . The credits for heat use 
range from 0.102 to 0.190 kg C0 2 eq./kWh e i. This difference 
is caused by a higher share of used heat in Goettingen. 
Therefore, the net GHG emissions vary from 0.179 in Celle 
to 0.058 kg CO 2 eq./kWh e i in Goettingen (see Fig. 1). The 
GHG emissions in Hildesheim are similar to those of Goettin¬ 
gen, but they are still higher due to the lower heat use rates 
than in Goettingen. 

The results of the impact category of total fossil energy 
demand are shown in Fig. 2 and are similar to the results of 
the GHG emissions. Net results vary from -0.274 to 0.175 
kWh/kWh cl . Similar to the GHG emission results, the culti¬ 
vation of maize and especially the lower credit for using 
heat from CHP in Celle cause regional variations. Regarding 
the gross results, the fossil energy demand ranges from 
0.468 to 0.543 kWh/kWh el . This outcome demonstrates 
the high impact of heat recovery, which can even lead to 
negative net values, as in Gottingen. Therefore, the impact 
of credits for heat use is considered separately in the sensi¬ 
tivity analysis. 

The acidification and eutrophication findings, shown in 
Figs. 3 and 4, are different from the results of the GHG 
emissions and the accumulated fossil energy demand. The 
credits for using the exhaust heat from CHP are consider¬ 
ably smaller and have a significantly lower impact on the net 
results. 

The acidification net emissions vary from 1.62 in 
Goettingen to 1.94 g S0 2 eq./kWh el in Celle. These 
differences are primarily caused by maize cultivation 
and especially by irrigation. However, the emissions 
from applying the digester output account for the largest 
share, followed by the NO x emissions from the combus¬ 
tion of biogas in the CHP (more than 30 % of the gross 
emissions) in each district. The emissions of the eutrophication 
impact category range from 0.330 to 0.397 g P0 4 3 ~ eq./kWh,,! 
and are caused by the same effects of the emissions relevant to 
acidification. 
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Fig. 1 GHG emissions of power generation from biogas in Gottingen, Celle, and Hildesheim [left side GHG credits, right side GHG emissions, and 
lower bar total result] 


3.3 Sensitivity analysis 

The credits for heat use have an important impact on the GHG 
emissions and the total fossil energy demand impact categories. 


Therefore, these credits constitute relevant factors for regional 
variations in the LCA results. The sensitivity analysis verifies if 
this important contribution depends on the system expansion, 
which was used as an allocation procedure. 
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Fig. 2 Accumulated fossil energy demand of power generation from biogas in Gottingen, Celle, and Hildesheim [left side energy yield, right side 
energy demand, and lower bar total result] 
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Fig. 3 Acidifying emissions of power generation from biogas in Gottingen, Celle, and Hildesheim [left side credits of acidifying emissions, right side 
acidifying emissions, and lower bar total result] 


By system expansion, the use of waste heat from CHP as a 
by-product of the power generation of biogas is included in the 
system boundaries. The environmental burden of generating 
the same amount of heat from oil and gasoline were credited to 


this system. Another allocation procedure, which is recommen¬ 
ded by the ISO standard (ISO 14044 2006), is to allocate the 
physical properties (e.g., mass, calorific value, and exergy). The 
exergy allocation in the LCA of power generation from biogas 
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Fig. 4 Eutrophication emissions of power generation from biogas in Gottingen, Celle, and Hildesheim [left side credits of eutrophication emissions, 
right side acidifying emissions, and lower bar total result] 
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does not consider the total amount of heat production but only 
the share of the used heat. Figure 5 shows the differences in the 
final results of the production and use of biogas for power 
generation between system expansion and exergy allocation. 

This sensitivity analysis clarifies the influence of the allo¬ 
cation procedure for estimating the environmental burdens of 
power generation from biogas. The impact categories of the 
GHG emissions and the total fossil energy demand show 
higher results in exergy allocation instead of system expansion 
and credits for heat use. The results of acidification and 
eutrophication show an opposite trend: in the case of exergy 
allocation, the emissions are lower than in the case of system 
expansion. This outcome results from the avoided heat gener¬ 
ation from fossil oil and gasoline, which was credited to the 
system, and has a greater impact on the GHG emissions and 
total fossil energy demand than on acidification and eutrophi¬ 
cation. Exergy allocations affect all of the considered impact 
categories to the same degree. Thus, the exergy allocations 
reduce the regional difference in the results of the GHG 
emissions and total fossil energy demand but increase the 
difference in acidification and eutrophication. Consequently, 
the allocation procedure influences the regional differences in 
the environmental burdens of power generation from biogas 
but does not eliminate them. The regional differences remain 
present. 

4 Discussion 

Our results refer to the cultivation of energy maize and the 
production and use of biogas from energy maize. The GHG 
emissions associated with the cultivation of energy maize 
range from 45.4 to 57.7 kg C0 2 eq./t of fresh maize. The 
results from 1FEU (2008a), concerning basic data for the 
GHG balances of biogas process chains of 55.254 kg CO 2 
eq./t of fresh maize, fall within the range of this calculation. 
However, there are some differences in the calculations. For 
example, nitrogen uptake was completely calculated as min¬ 
eral fertilizer use by 1FEU (2008a), whereas the use of 
20 m 3 /ha of digester output substitutes a part of the mineral 
fertilizers in our study (e.g., approximately 72.8 kg/ha of 
nitrogen fertilizers). Therefore, the GHG emissions of this 
study might be higher without the use of digester output as a 
fertilizer substitute. These results range from 58.59 kg CO 2 
eq./t of fresh maize in Goettingen to 72.321 kg CO 2 eq./t of 
fresh maize in Celle. In addition, the 1FEU (2008a) did not 
consider any regional parameters in their balance, such as 
yield level, specific nitrogen demand, and fieldwork 
depending on the soil type. These variables could influence 
the results of the GHG emissions and could explain the 
differences in the results for the GHG emissions. 

Another point that could influence the results of the GHG 
emissions for the cultivation of energy maize are direct and 


indirect land use changes. However, in these calculations, 
the influence of direct and indirect land use change is not 
taken into account due to the lack of district-level data. 
Studies by Luo et al. (2009) and Kim and Dale (2009) 
indicate that this influence could enhance the effect of 
regional variation. Indirect land use change is often dis¬ 
cussed with biofuels. Moreover, in Germany, energy crops 
are cultivated on set-aside land. However, if the develop¬ 
ment of bioenergy continues, indirect land use change will 
also become increasingly important for biogas production. 
Direct land use change, especially the plowing of grassland 
in Germany, is linked to the cultivation of energy maize and 
biogas production. Nevertheless, no reliable base currently 
exists to obtain a realistic estimate of which part of the 
plowed grassland in Germany is used for cultivating energy 
crops. Nevertheless, direct land use change can be assumed 
to have a higher impact in Celle than in Goettingen or 
Hildesheim. That’s why the cultivation of energy crops is 
more important in Celle than in the two other districts (see 
Section 2.2). 

Additionally, direct and indirect nitrous oxide emissions 
from the soil were calculated following the method of the 
IPCC (2006) without consideration of the soil types, climat¬ 
ic conditions, and methods of applying nitrogen fertilizers. 
This aspect is under continuous investigation, including 
field trials, and could further influence the results of our 
study. 

The GHG emissions associated with the production and 
use of biogas from maize range from 0.179 to 0.058 kg CO 2 
eq./kWh cl . The results from the IFEU (2008a) of 0.207 kg 
C02 eq./kWh el demonstrate higher emissions than the 
results in our study. This difference depends primarily on 
the lower share of used heat. The IFEU (2008a) calculated a 
20 % share of used heat, which is lower than our values. The 
values collected in this study range from 30 to 60 % heat 
use. The share of used heat (60 % on average) in the district 
of Goettingen seems especially high. However, Goettingen 
has fewer installed biogas plants than the two other districts 
with mostly efficient heat use concepts, e.g., bioenergy 
villages or thermal process energy production. The example 
of Goettingen is not yet typical, but it does highlight the fact 
that regional parameters are important for the LCA of 
biogas. 

The results of eutrophication and acidification were 
mainly affected by the emissions from the CHP and the 
emissions from the application of digester output. These 
aspects were equally calculated for each district without 
regional parameters and local factors. However, a study by 
Scheller (2006) shows that the amount of nutrient losses, 
such as phosphate and nitrate, depends on the regional soil 
type. The loss and leaching of nitrate from clay soil is lower 
than from sandy soil, which is associated with a higher 
permanence of soil water in the clay than in sand (Scheller 
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Fig. 5 Sensitivity analyses: effects of allocation processes for heat use on the impact assessment of power generation from biogas [white bar exergy 
allocation, black bar system expansion allocation] 


2006). Applying the digester output increases this effect. 
Consequently, a regional consideration of digester output 
application could enhance the effect of variations in the results 
of the LCA. Further studies should investigate this aspect in 
combination with a nutrient surplus in regions with intensive 
livestock farming. 

Other influencing parameters, which were not investigat¬ 
ed in this study, are the distinctions in engineering process¬ 
es. The findings of the IFEU (2008b) show the influence of 
open versus closed fermenters because the direct emissions 
from the fermenters can contribute to 25-75 % of the overall 
GHG emissions. 


5 Conclusions 

To summarize, the findings of this study suggest that regional 
variations occur in all of the impact categories investigated. 
This conclusion has been determined by the LCAs of biogas 
production from maize and the conversion of biogas into 
electricity. The cultivation of maize and using heat from the 
CHP are the most important influencing parameters for the 
impact categories of GHG emissions and total fossil energy 
demand. A sensitivity analysis of the allocation procedures for 
heat use shows that exergy allocations reduce the regional 


difference in the results of the GHG emissions and total fossil 
energy demand compared to system expansion. 

The distinctions in maize cultivation that cause differences 
in the LCA results are the different amounts of fertilizers, 
irrigation demand, and fieldwork. Regional variations in acid¬ 
ification and eutrophication are mainly caused by the irriga¬ 
tion (specifically for pump operation) of the maize crop; 
however, emissions from the digester output and emissions 
from the CHP account for the largest share of acidification and 
eutrophication. 

Even without including the additional aspects that are 
pointed out in the discussion, our results show the impact of 
the regional parameters on LCAs and support the studies of 
Chiaramonti and Recchia (2010) and Kim and Dale (2009). 
Therefore, the LCA of biogas technologies should consider 
regional parameters. This procedure is necessary, especially if 
the LCA studies are used for generalized evaluations, such as 
statements concerning the possible climate protection poten¬ 
tial of biogas. Only if regional variations are considered will 
the results of the GHG emissions, for example, be represen¬ 
tative, as the results could vary from one region to another. In 
the case of direct and indirect land use change, the results 
could even lead to higher emissions than would arise from the 
use of fossil fuels. In short, the LCAs of bioenergies should 
always account for regional parameters. 
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